A ferredoxin containing only one [Fe4S4]* cluster was purified from Clostridium thermoaceticum. It has a molecular weight of about 7,300, a partial specific volume of 0.67, and an isoelectric point of 3.25. Its absorption spectrum has two maxima at 390 nm (e = 16.8 x 103 M-l cm-') and at 280 nm (e = 24.2 x 103 M-1 cm-'). The absorption at 390 nm is almost half that of other clostridial ferredoxins, which have two [Fe4S4]* clusters, and is similar to other ferredoxins with only one [Fe4S4]* cluster. The ferredoxin had high thermal stability and retained over 50% of its activity after treatment at 80°C. It functions in the transfer of electrons from pyruvate to nicotinamide adenine dinucleotide phosphate (NADP), which indicates the presence of pyruvate:ferredoxin oxidoreductase and reduced ferredoxin-NADP reductase in C. thermoaceticum. NADPH is used in the synthesis of acetate from CO, in this organism.
is used in the synthesis of acetate from CO, in this organism.
Carbon dioxide functions as the terminal electron acceptor and is reduced to the methyl group of acetate by Clostridium thermoaceticum (27) . The reduction occurs with formate and derivatives of tetrahydrofolate and cobalamin as intermediates. The involvement of ferredoxin in the synthesis of acetate from CO2 was first demonstrated by Poston et al. (23) . They found that two protein fractions obtained by passing cell-free extracts of C. thermoaceticum through a diethylaminoethyl (DEAE)-cellulose column together with ferredoxin catalyze the synthesis of acetate from methylcobalamin and pyruvate. The ferredoxin was obtained from other clostridia, since Poston et al. (23) were unable to isolate ferredoxin from C. thermoaceticum by conventional procedures. Similarly, Li et al. (11) failed to find ferredoxin in this organism. Later, Poston and Stadtman (24) succeeded in demonstrating a ferredoxin in C. thermoaceticum which differed from other clostridial ferredoxins in its binding to DEAEcellulose.
Based on exceptionally high growth yields when grown on sugars (1) and in the presence of a cytochrome (7) , it has been suggested that C. thermoaceticum may have electron transport phosphorylation in connection with the reduction of CO2 to acetate. This has prompted an investigation of electron carriers in C. thermoaceticum. In this report we would like to describe the purification and some properties of a four-iron ferredoxin. This ferredoxin thus differs from those of Clostridium pasteurianum and other clostridia, which contain eight atoms of iron (26, 33) . Instead, the C. thermoaceticum ferredoxin resembles the four-iron ferredoxins in Desulfovibrio gigas (31) , Desulfovibrio desulfuricans (37) , Bacillus stearothermophilus (20) , Spirochaeta stenostrepta (10) , and Bacillus polymyxa (29, 36) .
MATERIALS AND METHODS C. thermoaceticum (DSM 521) was grown at 580C under 100% C02 on glucose, 100 mM; NaHCO3, 200 mM; K2HPO4, 40 mM; KH2PO4, 40 mM; tryptone (Difco), 5 g/liter; yeast extract (Difco), 5 g/liter;
(NHI)2SO4, 7.6 mM; sodium thioglycolate (Difco), 4.4 mM; MgSO4, 1 mM; Co(NO3)2, 0.1 mM; Fe(NH4)2(SO4)2, 0.1 mM; Na2WO4, 0.1 mM; and Na2SeO3, 1 JtM.
C. pasteurianum (ATCC 6013) was grown as described by Rabinowitz (26) . The cells were used for the preparation of the ferredoxin and the ferredoxinfree pyruvate:ferredoxin oxidoreductase (EC 1.2.7.1) system, which was used for assaying ferredoxin as described by Rabinowitz (26) .
Absorption spectra were recorded with a spectrophotometer (Beckman Acta CV). Isoelectric focusing was done in a sucrose solution with 1% Ampholine buffer, having a pH gradient from 2.5 to 4 in a column (LKB 8101), according to the LKB 8100 Ampholine Instruction Manual. Analytical discontinuous gel electrophoresis was performed at pH 8.9 (3) and at pH 7.5 (6) . Electrophoresis in polyacrylamide gels containing sodium dodecyl sulfate (SDS) was done as described by Weber and Osborn (32) . Sedimentation velocity and equilibrium studies were done using an ultracentrifuge (Spinco model E) fitted with an automatic photoelectric scanning system (5) .
Amino acid analyses were performed with an automatic amino acid analyzer (Beckman model 120 C) on protein samples hydrolyzed in vacuo with 6 N hydrochloric acid for 24, 48 , and 72 h. Cystine and cysteine were determined as cysteic acid after oxidation with performic acid before acid hydrolysis (9) , and tryptophan was estimated after hydrolysis in the presence of thioglycolic acid (18) . Iron was determined with orthophenanthroline (17) , and sulfide was analyzed according to the method of Siegel (28) . The iron-sulfide cluster was extruded from the ferredoxin with benzenethiol as described by Que et al. (25) (2) and 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) (16) .
To prepare pyruvate:ferredoxin oxidoreductase free of ferredoxin from C. thermoaceticum, 10 g of cells in 10 ml of 0.05 M tris(hydroxymethyl)aminomethane(Tris)-hydrochloride, pH 7.6, was passed through a French pressure cell. After centrifugation for 1 h at 40,000 x g, the clear extract was passed through a DEAE-cellulose column (1.8 by 3 cm) previously equilibrated with the 0.05 M Tris buffer. Extracts free of both ferredoxin and nucleotides were similarly prepared but treated also with charcoal and Dowex-2 as described by Thauer (30) .
Purification of ferredoxin from C. thermoaceticum. The results of a purification of ferredoxin from 310 g of wet cells of C. thermoaceticum are summarized in Table 1 .
Step Step IV. Sephadex G-75, column 1. Two columns (1.5 by 85 cm), containing Sephadex G-75 connected in tandem, were equilibrated with 0.05 M Tris-hydrochloride, pH 7.6. The ferredoxin fraction from step III was concentrated to about 2 ml, by using Diaflo membrane UM 05, and applied to the Sephadex G-75 columns. Fractions of 2 ml were collected, and the ferredoxin was obtained in fractions 100 to 200.
Step V. Sephadex G-75, column 2. The combined ferredoxin fractions from step IV were concentrated with a Diaflo membrane and reapplied to the Sephadex G-75 columns run as described in step IV. The ferredoxin obtained in this step was judged homogeneous as demonstrated by discontinuous and SDSgel electrophoresis, isoelectrofocusing, and ultracentrifugation. Fine, needle-shaped crystals of ferredoxin were obtained by dialyzing a solution of the ferredoxin against saturated ammonium sulfate at 4°C. The ferredoxin usually exhibited a ratio of absorbance at 390 nm to absorbance at 280 nm between 0.69 and 0.72. This ratio decreased slowly during storage of the ferredoxin in air. The specific activity in the pyruvate:ferredoxin oxidoreductase assay also varied slightly among different preparations depending on the freshness of the ferredoxin preparation and also of the oxidoreductase.
RESULTS
Molecular weight and partial specific volume. The partial specific volume of the ferredoxin was determined by sedimentation equilibrium. A value of 0.672 + 0.013 was obtained. The molecular weight calculated by using this (26) . value is 6,810 ± 430. A molecular weight of 7,500 was found by using gel filtration on a superfine Sephadex G-50 column (1.5 by 85 cm) equilibrated with 0.1 M NaCl in 0.05 M Trishydrochloride, pH 7.6. In the absence of the NaCl, abnormally high values (between 12,500 and 17,500) were obtained for the molecular weight. Such results have also been found for ferredoxins from other bacteria (13, 34 ). An abnormally high molecular weight was also found when acrylamide-gel electrophoresis was used in the presence of SDS. It is possible that this is due to a failure of ferredoxin to bind SDS in sufficient amounts compared with standard proteins (19) .
Amino acid composition and isoelectric point. The amino acid composition of ferredoxin from C. thermoaceticum based on five different analyses is listed in Table 2 . It contains 63 amino acids, assuming that there are six half-cystine residues. The molecular weight, including four atoms of iron and four sulfide residues calculated from the amino acid composition, is 7,387, which fits well with the molecular weight determined by gel filtration and equilibrium centrifugation.
Of great importance is the number of halfcystine residues, because these are involved in the binding of the iron cluster. Our analyses show the presence of five to six such residues. The ferredoxin from C. thermoaceticum thus differs from ferredoxins from other clostridia, which contain eight cysteine residues (26, 33) . Eight cysteine residues are required for the It should be noticed that C. thermoaceticum ferredoxin contains a histidine residue, which is unusual for clostridial ferredoxins. Histidine has been found only in the thermostable ferredoxins from the thermophiles Clostridium tartarivorum and Clostridium thermosaccharolyticum (4). Unusual also is the presence of methionine and tryptophan.
The isoelectric point for C. thermoaceticum ferredoxin was determined with isoelectric focusing. The run was for 12 h at 110C with a current of 2 to 3 W. The pI obtained was 3.25, which is lower than the pI of 3.7 for C. pasteurianum ferredoxin (14) . This is in agreement with a higher number of dicarboxylic acid residues in the C. thermoaceticum ferredoxin.
Iron and sulfur content. The results of analyses of iron and sulfur contents, as well as titrations with DTNB and PCMB of ferredoxm from C. thermoaceticum, are found in Table 3 . Our first analyses of iron and sulfur gave a value about 25% lower than what is reported in Table 3 . The concentration of ferredoxin was then determined on the basis of protein determinations with the method of Lowry et al. (15) . This method has been found to give protein values for ferredoxin that are too high (16) . The concentration of ferredoxin was therefore based on the release of amino acids during hydrolysis. As is evident, ferredoxin from C. thermoaceticum contains four iron and four sulfide residues per molecule. The titrations with PCMB are in agreement with these data. PCMB reacts in a 2:1 ratio with inorganic sulfide and 1:1 ratio with sulfhydryl groups. With six cysteine and four sulfide residues present, a total of 14 PCMB should react. The experimental value of 14.4 is thus close to the theoretical value. The ferredoxin did not react with DTNB unless it was first reduced with sodium borohydride (16) , when between four and five sulfhydryl groups reacted. The above-mentioned results indicate the presence of at least five, but more likely six, half-cystine residues in C. thermoaceticum ferredoxin. Absorption spectrum and extinction coefficients. The absorption spectrum of C. thermoaceticum ferredoxin is shown in Fig. 1 . It is similar to spectra of other ferredoxins from clostridia (26) . Absorption maxima are at 390 and 280 nm, a trough occurs at 345 nm, a broad shoulder is seen between 300 and 320 nm, and a small shoulder occurs at 285 nm. The molar extinction coefficient at 390 nm is 16. Thermal stability. All proteins and enzymes obtained until now from C. thermoaceticum (12) have high thermostability compared with equivalent proteins from mesophilic clostridia. This is true also for the ferredoxin. In Fig. 3 , the rates of denaturation at 80°C are compared for ferredoxins from C. thermoaceticum and C. pasteurianum. The denaturation was measured by following the decrease in absorbance at 390 nm. After 1 h at 80°C, the absorbance for the C. pasteurianum ferredoxin had decreased to 44% of the original, whereas for the C. thermoaceticum ferredoxin, this figure was 90%. The activities of the two ferredoxins were also tested in the pyruvate:ferredoxin oxidoreductase reaction (26) and, after 2 h at 80°C, the C. 500 600 pasteurianum ferredoxin had only 6% of the original activity, whereas that of C. thermoacehermoaceticum ticum ferredoxin was 54%. Although these data t of 0.0125 mM show that the C. thermoaceticum ferredoxin is oride, pH 7.6, quite stable to thermal denaturation at 80°C, it reduction with is denatured rapidly at 850C. that the high thermal stabilities ofC rum and C. thermosaccharolyticum I reside in their protein moieties. Thee ins contain two histidine residues nc present in clostridial ferredoxins, been suggested that these may co: the higher thermostability. The find thermoaceticum ferredoxin also co histidine residue is certainly in agrei such a suggestion. However, a relati been observed between the number 4 acid residues and heat stability: the with the highest number of such more heat stable (8) . The high cor residues) of glutamic acid in C. thern is also in agreement with this relal theoretical discussion has been pr the basis of the high thermostabili ferredoxins (22 (24) is confirmed by the results presented in this paper. First, as noticed earlier (24) , it is acidic and has a low isoelectric point; but, more importantly, it contains only one [Fe4S4]* cluster instead of the two clusters found in other clostridial ferredoxins (26, 33) . The presence of only one iron-sulfide cluster in the C. thermoaceticum ferredoxin is based on several criteria including analyses of iron and inorganic sulfur content, which reveal only four atoms of each per mole of protein. Moreover, the ferredoxin contains at most only six halfcystine residues and not the eight required for the binding of two clusters. The molar extinction coefficient per iron in ferredoxins has been found to be 4 (33) . The reaction with benzenethiol is quantitative, and the yield of the complex [Fe4S4(SPh)4]2-was 1 mol per mol of ferredoxin. Finally, the partial specific volume of the C. thermoaceticum ferredoxin is 0.67. This is higher than the value of 0.61 obtained for the ferredoxin of Clostridium acidiurici (26) . A ferredoxin with four irons can be expected to have a higher partial specific volume than an eightiron ferredoxin. Ferredoxins with eight irons in two [Fe4S4]* clusters are often referred to as "clostridial" or "anaerobic" ferredoxins (33) . The existence of a ferredoxin with only one [Fe4S4]* cluster in C. thermoaceticum now makes such references ambiguous.
Both pyruvate and ferredoxin are required for the synthesis of acetate from CO2 in C. thermoaceticum. One unique role of pyruvate in the acetate synthesis is that it functions as the supplier of the carboxyl group of acetate in a "transcarboxylation" reaction (27) . Pyruvate may function also as a source of electrons for the reduction of C02. As is shown in Fig. 4 , the reduction of NADP by pyruvate is dependent on ferredoxin. NADPH is then utilized for the reduction of C02 to HCOOH, which is catalyzed by formate dehydrogenase (1, 30) , or to reduce 5,10-methenyltetrahydrofolate to 5,10-methylenetetrahydrofolate. The enzyme 5,10-methylenetetrahydrofolate dehydrogenase is NADPH specific in C. thermoaceticum (1) .
